In this theoretical study, we establish a correlation between the neutron skin thickness and the nuclear symmetry energy for the even−even isotopes of Fe, Ni, Zn, Ge, Se and Kr within the framework of the axially deformed self-consistent relativistic mean field for the non-linear NL3 * and density-dependent DD-ME1 interactions. The coherent density functional method is used to formulate the symmetry energy, the neutron pressure and the curvature of finite nuclei as a function of the nuclear radius. We have performed broad studies for the mass dependence on the symmetry energy in terms of the neutron-proton asymmetry for mass 70 ≤ A ≤ 96. From this analysis, we found a notable signature of a shell closure at N = 50 in the isotopic chains of Fe, Ni, Zn, Ge, Se and Kr nuclei. The present study reveals a interrelationship between the characteristics of infinite nuclear matter and the neutron skin thickness of finite nuclei.
I. INTRODUCTION
Investigation of nuclei far from the line of beta stability has played a significant role in nuclear physics. Further, the advancement in the experimental facilities such as Jyavãskylã (Finland) [1] , ORNL (United States) [2] , CSR (China) [3] , FAIR (Germany) [4] , RIKEN (Japan) [5] , GANIL (France) [6] , GSI (Germany) [7] , FLNR (Russia) [8] and FRIB (United States) [9] has already opened new possibilities of exploring the production of various exotic nuclei and their properties under the extreme conditions of large isospin asymmetry. By virtue of the neutronproton asymmetry in finite nuclei, one can gain insight into some of the basic components of the equation of state (EoS) of nuclear matter such as the symmetry energy S 0 (ρ) and the slope parameter L 0 (ρ) at nuclear saturation density ρ 0 [10] . In other words, the density properties of the symmetry energy of nuclear matter is forced to lie within a narrow window in terms of the nuclear bulk properties of neutron rich nuclei and vice-verse [11] . In this context, a better understanding of the isospin and density dependent of the symmetry energy in exotic nuclei is one of the primary objectives of present studies.
Exploring the nuclear surface properties of semiinfinite nuclear matter is simple as compared to a finite nuclear system due to the absence of the many complexities arising from the shell, the charge, occupation probability and finite-size effects. In past works, the semi-classical Thomas-Fermi model [12] [13] [14] , and quan- * Email: bhuyan@ita.br † Email: brettvc@gmail.com tal Hartree-Fock approach [15, 16] have investigated the surface properties of symmetric as well as asymmetric nuclear matter. Recently, considering the isotopic chains of doubly close shell nuclei, Warda et al. have demonstrated theoretically that the stiffness of the symmetry energy is dependent on the bulk and the surface component of the neutron skin thickness [17] [18] [19] . Furthermore, the correlation between the volume and surface symmetry energy for finite nuclei has been extensively discussed in Refs. [20] [21] [22] [23] [24] [25] . In addition to these, the effects of temperature on the surface and the bulk symmetry have also been reported recently [26, 27] . In these works, the surface symmetry energy term is predicted to be more sensitive to the temperature than that of the volume one [26, 27] . The symmetry energy is not a directly measurable quantity but its value can be estimated indirectly from physical observables that are correlated to it. Two constraints are the experimental energy of the giant dipole resonance [28] and the experimental differential cross-section data in a charge exchange reaction using the isospin dependent interaction of the optical potential [29, 30] (see the recent review of the Refs. [31, 32] for details). Further, the connection of isospin asymmetry to the symmetry energy has an impact on many physical studies such as astrophysical observations [33] [34] [35] [36] [37] [38] , the ground state structure of exotic nuclei [39] [40] [41] [42] , the determination of the neutron skin [43, 44] , the dynamics of heavy-ion reactions [45] [46] [47] , giant collective excitations [48, 49] , the dipole polarizability [50] [51] [52] [53] , the mirror charge radii [54, 55] , the properties of compact star object [20, 37, 38, 56] , the nucleosynthesis process through neutrino convection [25, 57] , the photospheric radius of a neutron star [25] , the core collapse of compact massive stars and related explosive phenomena at high density [20, 58] .
At present, a concerted effort has been put forth to determine the density properties of the symmetry energy and slope parameters for highly neutron-proton asymmetric systems in nuclear matter and in drip-line nuclei [59] [60] [61] [62] [63] . Broadly, these nuclear matter parameters are involved in the bulk properties of finite nuclei such as binding energies [27, 59, 64] , relative nuclear radii [64] [65] [66] [67] and neutron density distributions [59, 60, 64, 67] . In this theoretical investigation, we study the relation between the neutron skin thickness and nuclear matter properties at saturation density, such as the symmetry energy, the neutron pressure and the curvature in an isotopic chain. Furthermore, we demonstrate in a few cases a relation between various bulk physical quantities of finite nuclei and the density properties of infinite nuclear matter. We consider the neutron rich even−even isotopes of medium mass nuclei such as Fe, Ni, Zn, Ge, Se and Kr in the present analysis, as, they are primary candidates in the the upcoming experimental facilities and several predictions have been made for them regarding the emergence of a nuclear skin. The calculations are performed within the axially deformed relativistic mean field approach, which has the ability to predict the nuclear skin thickness in exotic nuclei [66, 68, 69] . To interlink the infinite nuclear matter properties to intrinsic finite nuclear bulk properties, we have used the coherent density functional method [63, 64, [70] [71] [72] through the energy density functional of Brueckner et al. [73, 74] . Briefly, our aim to constrain the nuclear matter observables using the inherent properties of exotic neutron rich finite nuclei as well as the contrary. This paper is organized as follows: In Section II we discuss the theoretical model for the relativistic mean field approach along with coherent density functional method. Section III is assigned to the discussion of the results obtained from our calculation and of the possible correlation among the infinite nuclear matter and finite nucleus properties. Finally, a summary and a brief conclusion are given in Section IV.
II. THEORETICAL FORMALISM
In the present work, we estimate the nuclear symmetry energy S 0 (ρ), neutron pressure p 0 (ρ) and other related physical quantities of exotic finite nuclei as functions of the baryon density on the basis of the corresponding definitions for asymmetric nuclear matter. We have taken a general form of the non-linear finite-range relativistic mean field model, considering it to be represented by the Lagrangian density (given in the next subsection) [66, 75, 76] . This model has been widely used to describe infinite nuclear matter, finite nuclei, and stellar matter properties for extreme isospin asymmetry [66, [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] . To calculate the effective intrinsic nuclear matter quantities in finite nuclei, one must know the key parameters of nuclear matter that characterize its density dependence at saturation density. The most general form of the nuclear matter symmetry energy S(ρ) for the relativistic mean field models can be expressed as,
where y is the proton fraction for asymmetric nuclear matter. Here the detailed calculations of the energy density E as a function of density from the relativistic Lagrangian are given in Refs. [37, 90, 91, 95, 96] . The widely used slope parameter L N M at saturation density is given as,
where, p
is the neutron pressure of nuclear matter at saturation density, ρ 0 being the saturation density of the symmetric nuclear matter. Further, the curvature and skewness of the symmetry energy are given by,
and
respectively. Our present knowledge of the basic properties of the symmetry energy around saturation density is still poor with its value estimated to be about 27±3 MeV [95, 97] . In practice, this ambiguity play an essential role in the structure calculations of finite nuclei. Here, to obtain a general idea of what one might expect, we have used the calculated saturation properties of infinite nuclear matter from the relativistic mean field with nonlinear NL3 * and density-dependent DD-ME1 interaction parameters, which are listed in Table I (for details see the Refs. [37, 90, 91, 98] ). In the relativistic mean field (RMF) model, there is a strong correlation between the Dirac effective nucleon mass at saturation density and the strength of the spin-orbit force in finite nuclei [99, 100] . Further, one of the most compelling features of RMF models is the reproduction of the spin-orbit splittings in finite nuclei. This occurs when the velocity dependence of the equivalent central potential that leads to saturation arises primarily due to a reduced nucleon effective mass [101] . On the other hand, the non-relativistic effective mass parametrizes the momentum dependence of the single-particle potential, which is the result of a quadratic parametrization of the single-particle spectrum. It has been argued [102] that the so-called Lorentz mass should be compared with the non-relativistic effective mass extracted from analyses carried out in the framework of non-relativistic optical and shell models.
A. The relativistic mean-field theory
The fundamental theory of the strong interaction that can provide a complete description of nuclear equation of state is quantum chromodyanmics (QCD). At present, it is not conceivable to describe the complete picture of hadronic matter due to its non-perturbative properties. Hence, one needs to apply the perspective of an effective field theory (EFT) at low energy, such as quantum hadrodynamics (QHD) [75] [76] [77] . The mean field treatment of QHD has been used widely to describe the properties of infinite nuclear matter [37, 38, 76, 91] and finite nuclei [42, 75, 77, 79, 80, 90, 94] . In the relativistic mean field approach, the nucleus is considered as a composite system of nucleons (proton and neutron) interacting through the exchange of mesons and photons [76, 81, 83-85, 103, 104] . Further, the contributions from the meson fields are described either by mean fields or by pointlike interactions between the nucleons [105, 106] . Density dependent coupling constants [89] [90] [91] [92] [93] [94] and/or nonlinear coupling terms [75, 107] are introduced to reproduced the properties of finite nuclei and the correct saturation properties of infinite nuclear matter. Here, most of the computational effort is devoted to solving the Dirac equation and calculating various densities. In the present calculation, we have used the microscopic self-consistent relativistic mean field (RMF) theory as a standard tool to investigate nuclear structure. It is worth mentioning that the RMF approach is one of the most popular and widely used formalisms. A typical relativistic Lagrangian density (after several modifications of the original Walecka Lagrangian to take care of various limitations) for a nucleon-meson many body system has the form [75, 76, [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] ,
with vector field tensors
Here the field for the σ-meson is denoted by σ, that for the ω-meson by ω µ , and for the isovector ρ-meson by ρ µ . The electromagnetic field is defined by A µ . The quantities, Ω µν , B µν , and F µν are the field tensors for the ω µ , ρ µ and photon fields, respectively. The RMF model proposed in Refs. [90, 91] allows density dependence of the meson-nucleon coupling, which is parametrized in a phenomenological approach [89] [90] [91] [92] [93] [94] . The coupling of the mesons to the nucleon fields are defined as
where,
Here, the functional x = ρ/ρ sat and the eight real parameters in Eq. (8) are not independent. The five constraints f i (1) = 1, f σ (1) = f ω (1) and f i (0) = 0 reduce the number of independent parameters to three. These independent parameters (coupling parameters and the mass of the σ meson) were adjusted to reproduce the properties of symmetric and asymmetric nuclear matter and the ground state properties of finite nuclei.
From the above Lagrangian density we obtain the field equations for the nucleons and the mesons. These equations are solved by expanding the upper and lower components of the Dirac spinors and the boson fields in an axially deformed harmonic oscillator basis, with an initial deformation β 0 . The set of coupled equations is solved numerically by a self-consistent iteration method. The center-of-mass motion energy correction is estimated by the usual harmonic oscillator formula
The quadrupole deformation parameter β 2 is evaluated from the resulting proton and neutron quadrupole moments, as
The root mean square (rms) matter radius is defined as
where A is the mass number, and ρ(r ⊥ , z) is the deformed density. The total binding energy and other observables are also obtained by using the standard relations, given in Ref. [100] . Here, we have used the NL3 * [98, 108] and the density-dependent DD-ME1 [90] interactions. These interactions are able to reproduce reasonably well the properties of not only the stable nuclei but also those not too far from the β-stability valley [90, 94, 98, 108] . In the outputs, we obtain the potentials, densities, single-particle energy levels, nuclear radii, deformations and the binding energies. For a given nucleus, the maximum binding energy corresponds to the ground state and other solutions are obtained as various excited intrinsic states at other deformations, provided the nucleus does not undergo fission.
To describe the nuclear bulk properties of open-shell nuclei, one has to consider the pairing correlations in their ground as well as excited states [109] . There are various methods, such as the BCS approach, the Bogoliubov transformation and particle number conserving methods, that have been developed to treat pairing effects in the study of nuclear properties including fission 
barriers [110] [111] [112] [113] . In principle, the Bogoliubov transformation is the most widely used method to take pairing correlations into account for the drip-line region [83-85, 104, 114, 115] . In the case of nuclei not too far from the β-stability line, one can use the constant gap BCS pairing approach to obtain a reasonably good approximation of pairing [116] . In the present analysis, we have employed the constant gap BCS approach with the NL3 * and a Bogoliubov transformation with DD-ME1 interactions [42, 66, 79, 90, 94, 117, 118] .
B. The coherent density functional method
The coherent density functional method (CDFM) was suggested and developed by Antonov et al. [70, 71] . It is based on the δ-function limit of the generator coordinate method [63, 67, 72] . In CDFM, the one-body density matrix ρ (r, r ) of a finite nucleus can be written as a coherent superposition of the one-body density matrices ρ x (r, r ) for spherical pieces of the nuclear matter called fluctons,
with ρ o (x) = 3A 4πx 3 . The generator coordinate x is the spherical radius of all A nucleons contained in a uniform distributed spherical Fermi gas. In finite nuclear system, the one body density matrix is given as [63, 64, 67, 72] ,
where, |f (x)| 2 is the weight function (defined in Eq. (17)). The term ρ x (r, r ) is the coherent superposition of the one body density matrix and defined as,
Here, J 1 is the first order spherical Bessel function and k F (x) is the Fermi momentum of the nucleons in the flucton with radius x. The corresponding Wigner distribution function for the one body density matrices in Eq. (14) is,
. Similarly, the density ρ (r) in the CDFM can express in terms of the same weight function as,
and it is normalized to the mass number, ρ(r)dr = A. By taking the δ-function approximation to the HillWheeler integral equation, one obtains a differential equation for the weight function in the generator coordinate [70] [71] [72] . We have adopted a conventional approach to the weight function instead of solving the differential equation (detail in Ref. [71, 72] ). The weight function for a given density distribution ρ (r) can be expressed as,
For a detailed analytical derivation, one can follow Refs. [72, 89, 107] . Here our principal goal is to define an effective symmetry energy, its slope, and curvature for a finite nucleus around by weighting the quantities for infinite nuclear matter within the CDFM. Following the CDFM approach, the effective symmetry energy S 0 , its corresponding pressure p 0 , and the curvature K 0 for a finite nucleus can be written as [63, 64, 67, 72, 89, 107] , We will see that the quantities on the left-hand-side of Eq. (18) are surface weighted averages of the corresponding nuclear matter quantities S N M , p
on the right-hand-side. The region within x min ≤ x ≤ x max (see Fig. 3 displaying the weigh function) is taken for the integration. More details can found in Section III. The calculated densities from the NL3 * and the DD-ME1 are used for estimate the weight function |f (x)| 2 in Eq. (17) for each nucleus and used for the calculations in Eq. (18) . The spin-independent proton and neutron meanfield densities are given by,
where r ⊥ and z are the cylindrical coordinates of the radial vector R. The single particle densities are
where, φ ± i is the wave function, expanded into the eigen functions of an axially symmetric deformed harmonic oscillator potential in cylindrical co-ordinates. The normalization of the densities is given by,
where X = N, Z for neutron and proton number, respectively. Further, the multipole decomposition of the density can be written in terms of even values of the multipole index λ as,
Here, we have used the monopole term of the density distribution in the expansion Eq. (22) for the calculation of the weight function |f (x)| 2 for simplicity. For a deformed nucleus, the peak of |f (x)| 2 does indeed depend on the angle. However, the density also depends on the angle in such a manner that the density at the peak of |f (x)| 2 is almost constant. The effect of the multipole component in the expansion can thus be neglected. We can define the neutron skin thickness ∆R using the rootmean-square (rms) radii of neutrons and protons as,
The quantities defined above in Eq. (23) are used in the present study.
III. CALCULATIONS AND RESULTS
In the relativistic mean field model, the field equations are solved self-consistently by taking different inputs for the initial deformation β 0 [77, 79, 90, 94, 98, 100, 108] . To verify the convergence of the ground state solutions for this mass region, we performed calculation for the number of major boson shells N B =16 and varied the number of major fermion shells N F from 10 to 20. From the results obtained, we have confirmed that the relative variations of these solutions are ≤ 0.004% for the binding energy and 0.001% for the nuclear radii over the range of major fermion shells. Hence, the desired number of major shells for fermions and bosons were fixed at N F = 16 and N B = 16. The number of mesh points for GaussHermite and Gauss-Laguerre integration used are 20 and 24, respectively. For a given nucleus, the solution corresponding to the maximum binding energy is treated as the ground state and other solutions are considered excited states of the nucleus. We have used the non-linear NL3 * [98] and density-dependent DD-ME1 [90] interactions for the present analysis. These interaction parameters are widely used and are able to provide a reasonable good description of the properties of nuclei from light to super-heavy, from the proton to the neutron drip line [42, 79, 80, 98] . The calculations furnish the ground state bulk properties such as binding energy, rms charge radius, nuclear qudrupole deformation β 2 , nuclear density distribution ρ(r ⊥ , z), and the single particle energy.
The results obtained from both sets of interaction parameters along with the experimental data [119] [120] [121] are listed in Tables. II and III . From the tables, one notices that the results of our calculations agree quite well with the experimental data for binding energy and rootmean-square charge radius, wherever available. In both the NL3 * and DD-ME1 results, we find deformed prolates solutions in the ground state configuration for entire isotopic chains except the mass region near N = 50. In other words, the deformed prolate configuration follows a spherical solution at N = 50 and again becomes deformed with increasing neutron number for the Fe, Zn, Ge, Se and Kr nuclei. In the case of the isotopic chain of Ni, we found almost spherical solutions for the entire isotopic chain, which do not appear in case of other nuclei (see the Tables II and III) . The experimental data for the deformations are slightly underestimated by the calculations for both sets of interaction parameters. The two neutron separation energy S 2n (Z, N), can be estimated from the ground state nuclear masses BE (Z, N) and BE (Z, N-2) and the neutron mass m n by the relation:
The BE of the A Z and A−2 Z nuclei are calculated using the non-linear NL3
* and the density-dependent DD-ME1 interaction parameters. Here, we have used the experimental datas [119] to obtain the experimental values of the S 2n energy for comparison with our calculated results. From the Tables II and III, one observes that the calculated binding energies are reasonably good agreement with the available experimental data, which shows the predictive power of the calculations for the correct evolution of shell structures. The estimated S 2n results along with the experimental values (wherever available) are shown in the upper panel of Fig. 1 energy necessary to remove two neutrons from a nucleus (Z, N magic +2) is much smaller than that to remove two neutrons from the nucleus (Z, N magic ), which breaks the regular trend. From Fig. 1 (upper panel) , one can observe that the calculated results are in agree with the experimental data and also follow the expected trend along the isotopic chains.
To better explore the dependence of S 2n with respect to neutron number, the differential variation of the S 2n (dS 2n (N,Z)) is defined as
In the Fig. 1 (upper panel) , we observe that the curves for isotopic chains for different atomic number shows roughly the similar trends. From these general characteristics of the S 2n curves we expect that the derivative, dS 2n , should have a sharp fall in the negative direction for magic or/and semi-magic neutron number in an isotopic chain. In other words, the magnitude of the sharp drop, at magic neutron numbers shows the strength of the shell structure for that specific neutron number in the isotopic chain. Here, we found similar characteristics for the Fe, Ni, Zn, Ge, Se and Kr nuclei (see the lower panel of Fig. 1 ). The experimental values [119] are also given for comparison. Further, the depth of dS 2n at magic neutron number increases along the isotonic chain. The fall in dS 2n at N = 50 for the isotopic chain discloses additional nuclear structure features.
B. The Nuclear Density and Weight Function
Once we have the density in hand, we estimate the nuclear matter observables using these densities in the framework of the coherent density functional method (CDFM) [63, 64, 67, 70, 71] , which involves the following steps: (i) we generate the weight function |f (x)| 2 for each nucleus using the density distribution obtained from the RMF (NL3 * and DD-ME1), as defined in Eq. (17) [63, 64, 67, 70, 71] , (ii) then we use this weight function along with the nuclear matter observables to calculate the effective symmetry energy properties in finite nuclei [63, 64, 67, 70, 71] . We compare our calculated results with other theoretical predictions and examine the influences of these observables on the prediction of shell closures in each isotopic chain and the constraints they place on nuclear matter observables. In Fig. 2 , we have plotted the total density distribution (sum of the proton ρ p and the neutron ρ n density) for 76 Fe, and 86 Kr obtained from the NL3
* and DD-ME1 interaction parameters as a representative case. One finds similar characteristics of the density for all nuclei considered in the present study.
Further, a careful inspection shows a small enhancement in the surface region with an increase in proton number. In other words, the total density is extended towards the tail region in an isotonic chain and this ostensible distinction plays a significant role in the effective nuclear matter quantities.
The weight functions (in Eq. (17)) is interlinked with the nuclear matter observables, such as the symmetry energy, the neutron pressure and their related observables [63, 64, 67, 70, 71] . Following the CDFM approach, we briefly discuss the weight function |f (x)| 2 [i.e. in Eq. (17)], which is directly associated with the density distribution of the finite nucleus. We have estimated the weight function of each nucleus using its total density (ρ p +ρ n ) distribution obtained from the relativistic mean field model. Here, we have given the |f (x)| 2 for 76 Fe, and 86 Kr nuclei as representative cases, which are shown in Fig. 3 . The weight function is the crucial quantity for describing the surface properties of the finite nucleus in terms of effective nuclear matter quantities. One can see from the figure, the weight function has a peak near the surface of the nuclear density density distribution. In other words, one finds a peak in the weight function ≈ 5 f m, which is due to contributions from the surface region of the nuclear density. For a better comprehension of this fact, one should compare the plots of the density distribution to those of the weight factor (i.e. see Figs.  2 and 3) .
As we mentioned above, the objective of the present investigation is to study correlations between the neutronskin thickness and effective nuclear matter properties such as the symmetry energy, neutron pressure (proportional to the slope of the bulk symmetry energy), and curvature in a given isotopic chain. Following Eq. (18), we first introduce the value of x min at which the symmetry energy for nuclear matter S N M (x) changes sign from negative to positive at x min ≥ x ≤ x max (see Fig. 3 ). In other words, the S N M < 0 for the values of x ≤ x min and x ≥ x max in Eq. 18. Considering the basic principle of the CDFM, the domain of x should run from 0 to ∞, which incorporates the region of densities ρ 0 (x) from ∞ to 0, as well. At a point where the value of x is very small, in practice the estimate provides the values of density ρ 0 (x) that are much larger than the saturation density. To avoid such a nonphysical situation (i.e. a negative value of the symmetry energy), we include the value of x ≥ x min for the lower limit and simultaneously exclude x ≥ x max from the upper limit of the integration in Eq. (18) . The estimated values of x min and x max of the integration are shown in Fig. 3 .
C. The Symmetry Energy
The RMF calculations furnish principally nuclear structure properties, such as the quadrupole moment Q 20 , nucleon density distribution ρ(r ⊥ , z) = ρ p (r ⊥ , z) + ρ n (r ⊥ , z), and the root-mean-square nuclear radii. We estimate the neutron skin thickness ∆R of nuclei in a given isotopic chain using the neutron and proton radii obtained from the relativistic mean field with the nonlinear NL3
* and density-dependent DD-ME1 interaction parameters. The symmetry energy S 0 for a given nucleus is calculated within the CDFM through the weight function |f (x)| 2 (obtained from the self consistent density distribution) using Eq. (18) . We show the symmetry energy S 0 as a function of neutron skin thickness in Fig. 4 figure, we observe a smooth growth of S 0 up to the neutron number (N = 50) and then a linear decrease of S 0 , where the neutron-skin thickness of the isotopes increases. The SHF displays a similar behavior of the symmetry energy with respect to the skin thickness. Careful inspection shows that the neutron skin thicknesses obtained from the RMF (NL3 * and DD-ME1) are slightly larger when compared to those of the LNS interaction parameter. Further, the values of the S 0 for the relativistic interactions are slightly larger than the non-relativistic LNS predictions, which can reflect on the nuclear matter characteristics [95, 97] .
The results exhibited in Fig. 4 are shown from an additional point of view in Fig. 5 . In the upper and the lower panels of rection for further systematic investigation of the isospin dependence of the nuclear equation of state.
D. Neutron Pressure and Curvature
Next, we illustrate a possible correlation of the neutron skin thickness ∆R with the neutron pressure p 0 and the curvature K 0 , in Fig. 6 . In Fig 7, we plot the trajectory of p 0 and K 0 with neutron number for the Fe, Ni, Zn, Ge, Se and Kr nuclei. The calculated results from the RMF NL3 * (solid line) and DD-ME1 (dashed line) interactions are given with the results of the non-relativistic SkyrmeHartree-Fock (LNS) interaction (dotted line) [64, 67] for comparison, where available. From the figure it is clearly seen that the neutron skin thickness of the isotopes correlates almost linearly below and above the minimum with p 0 and K 0 , as does S 0 . Similar to the symmetry energy, here we also find a peak in the neutron pressure p 0 and a minimum in the curvature K 0 for semi-magic nuclei at N = 50 for both interactions. Further, a slightly distorted transition is found in the linear correlation as compared to that of the symmetry energy curve. The small difference in the linear behavior indicates that the stability pattern is not as regular for the isotopic chain. As we have mentioned above, the peak follows a valley for a transition from a closed shell to an open shell nuclei. Here we have also found the same variation in the neutron pressure and curvature in the isotopic chains. It is worth mentioning that the decrease in S 0 , p 0 and K 0 in the case of open-shell nuclei is due to the different occupancies of the single particle levels. Hence, we see that in general peaks are produced at shell closures. However analysis of the precise dependence of the various peaks on the occupation number of specific shells will require further work. The results obtained from the nonlinear NL3
* and density-dependent DD-ME1 interactions for p 0 and K 0 show a similar trend to that of the LNS force. More careful inspection shows that the results for p 0 and K 0 from our calculations are slightly smaller values than those of the LNS predictions. As we know, the magicity and/or shell closure (s) in an isotopic and/or isotonic chain are universal properties as far as the model used. Here, we get similar trends for non-linear NL3 * and density-dependent DD-ME1 interactions, which also qualitatively agree with the non-relativistic NLS predictions. Hence, we can conclude, the results obtained in the present calculations are fairly model independent.
IV. SUMMARY AND CONCLUSIONS
In the present study, we have investigated possible relationships between the neutron skin thickness of neutronrich nuclei and nuclear matter characteristics. A microscopic approach based on an axial deformed relativistic mean field with the non-linear NL3 * and densitydependent DD-ME1 interaction parameters has been used. Effective nuclear matter properties such as the symmetry energy S 0 , the neutron pressure p 0 and the nuclear curvature parameter K 0 have been determined for finite nuclei. The coherent density functional method was used to provide a transparent and analytic manner of calculating the effective infinite nuclear matter quantities by means of a weight function. In the first step, we have obtained the ground state nuclear bulk properties such as the binding energies, quadrupole deformations, nuclear density distributions using the self-consistent microscopic RMF with the NL3 * and DD-ME1 interactions. We have considered the even−even isotopic chains of Fe, Ni, Zn, Ge, Se and Kr nuclei in the present analysis. The two neutron separation energies and the differential variation of the separation energies are also estimated from the microscopic binding energy for both the sets interaction parameters. From the separation energies, we found shell closures at N =50 for all the isotopic chains considered for both interactions. The neutron skin thickness and the weight function for each nucleus were estimated using the root-mean-square radius and the total density distribution, respectively.
In the second step, we have calculated effective infinite nuclear matter characteristics such as symmetry energy S 0 , neutron pressure p 0 and curvature K 0 for the finite nuclei. For all of the isotopic chains, we found that there exists a strong correlation between the neutron skin thickness and the symmetry energy. We found a peak in S 0 in an isotopic chain, which corresponds to the semimagic isotopes at N = 50 and a spherical solution. An inflection-point transition appears for deformed nuclei at the spherical shell closures for the semi-magic isotopes at N =50 in the isotopic chain. In addition to these, a similar correlation between ∆R versus p 0 and ∆R versus K 0 has also been observed in the isotopic chains for both the NL3 * and DD-ME1 sets of interaction parameters. The effect of the relative neutron-proton asymmetry on the evolution of the symmetry energy has been pointed out for these isotopes in the range 44 ≤ N ≤ 60. We observe that the microscopic theoretical approach used is capable of predicting additional nuclear matter quantities in neutron-rich exotic nuclei and their connection to the surface properties of these nuclei. New exploratory results on giant resonances and the neutron skin in heavy nuclei and heavy-ion collisions could lead to new constraints on the nuclear symmetry energy, permitting an increased understanding of the physical quantities of nuclear systems.
